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SEGMENTED MAGNETOSTRICTIVE PATCH
ARRAY TRANSDUCER, APPARATUS FOR
DIAGNOSING STRUCTURAL FAULT BY

USING THE SAME, AND METHOD OF
OPERATING THE SAME

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims the benefit of Korean Patent Appli-
cation No. 10-2009-0030498, filed on Apr. 8, 2009, 1n the
Korean Intellectual Property Office, the disclosure of which 1s
incorporated herein 1n its entirety by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a magnetostrictive trans-
ducer, and a method and apparatus for non-destructive testing
of structural defects, and more particularly, to a transducer
that generates a shear wave partially on a circumierence of a
beam, or a pipe having a predetermined cross-section such as
a circle and measures and analyses the shear wave which
returns after being retlected by a defect, an apparatus for
detecting a defect and the position (distance and angle) of the
defectin a structure, and a method of operating the transducer.

The present invention was derived from a research project
sponsored by the Korea Science and Engineering Foundation
and Seoul National University R&DB Foundation.

[2009-0083279, Multi-Scale Paradigm {for Creative
Design of Multi-Physical Complex Structure System)].

2. Description of the Related Art

Magnetostriction refers to mechanical deformation of fer-
romagnetic materials 1n a magnetic field. It 1s also referred as
the Joule effect. An inverse effect thereof is referred as an
inverse magnetostrictive elfect or the Villan effect in which a
magnetic state ol a material changes when stress 1s applied
thereto. Magnetostriction may be used to measure the defor-
mation of an object without mechanically contacting the
object, and 1s thus widely employed 1n various fields where
contact type sensors cannot be used. In the case of magneto-
striction, an elastic wave may be generated contactlessly, and
turthermore, a larger elastic guided wave may be generated
compared to the case when the conventional piezoelectric
elfect 1s used. Examples of inductive ultrasonic waves that
may be generated 1n a waveguide such as a rod or a pipe are a
longitudinal wave, a flexural wave, and a torsional wave. For
example, 1n a first mode of the torsional wave, dispersion,
which results 1n speed differences of the torsional wave dueto
frequency components, does not exist, and thus a structural
defect may be effectively diagnosed. Also, a shear wave may
be generated partially on the structure, and since a first mode
of the shear wave also has non-dispersion characteristics, like
the torsional wave, the shear wave may also be elficiently
used 1n monitoring defects.

FIGS. 1 through 3 illustrate a torsional vibration in a rod
member when magnetostriction 1s used and the principle of
measuring the torsional vibration.

Referring to FIG. 1, when a first magnetic field B¢ and a
second magnetic field B, are applied perpendicularly to each
other near a ferromagnetic strip 1, the strip 1 may be deformed
in a shearing direction as illustrated in FIG. 2. That 1s, the first
magnetic field B 1s a static magnetic field, which 1s main-
tained constant, and the second magnetic field B, 1s a
dynamic magnetic field. The strip 1 1s deformed according to
the variation of the second magnetic field B, as 1llustrated in

FIG. 2.
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Retferring to FIG. 3, the above principle 1s explained 1n
relation to a rod member. The strip 1 1s attached along the

circumierence of a rod member 2. Then, a static magnetic
field B 1s applied around the strip 1, and a variable dynamic
magnetic field B, 1s applied 1n a length direction of the rod
member 2 that substantially perpendicularly crosses the static
magnetic field B.. Thus, a torsional vibration may be gener-
ated 1n the rod member 2 according to the deformation of the
strip 1.

FIGS. 4 and 3 schematically illustrate the configurations of
conventional magnetostrictive transducers for generating a
torsional wave.

Referring to FIG. 4, the conventional magnetostrictive
transducer that generates a torsional wave includes a thin
terromagnetic strip 1 which 1s wound around a rod member 2
in the circumfterential direction of the rod member 2, an
insulator 4 that 1s installed on the circumierence of the strip 1,
and a solenoid coil 3 that 1s wound around the 1nsulator 4. In
order to generate a torsional wave in the magnetostrictive
transducer having the above-described configuration, the fer-
romagnetic strip 1 need to be rubbed using a magnet in order
to pre-magnetize the ferromagnetic strip 1.

However, the ferromagnetic strip 1 may not be uniformly
pre-magnetized, and thus, measurement repetitiveness may
not be ensured.

To avoid pre-magnetizing the ferromagnetic strip 1, a
method of forming a magnetic field in a ferromagnetic strip 1'
in a desired direction by further disposing a magnet 6 in the
magnetostrictive transducer of FIG. 4 as illustrated in FI1G. 5
has been suggested.

However, 1n this case, although a structure may be moni-
tored by generating a torsional wave, only a distance between
a measuring unit and a position of a structural crack may be
measured, and additional information such as an angular
position along a circumierential direction 1n a waveguide may
not be obtained.

SUMMARY OF THE INVENTION

The present invention provides a transducer that generates
a high frequency shear wave 1n a structure such as a rod or a
pipe, and an apparatus for diagnosing a structural fault
whereby a structural defect 1s detected, and a distance from a
measuring point to the structural defect and a circumierential
angle of the defect in a circumierential direction are precisely
measured by using a shear wave generated by the transducer.

The present invention also provides a method of operating,
a transducer 1n order to control a propagating direction of a
shear wave generated by the transducer.

According to an aspect of the present invention, there 1s
provided a segmented magnetostrictive patch array trans-
ducer comprising: a plurality of magnetostrictive patches
attached along a circumierence of a rod member; a plurality
of insulators disposed on the magnetostrictive patches; a plu-
rality of meander coils, each of the meander coils comprising
a plurality of coil lines extending along the circumierential
direction of the rod member on each of the insulators, wherein
a current tlows through adjacent coil lines 1n opposite direc-
tions to one another; and a magnetic field forming unit having
a plurality of magnets that respectively form a magnetic field
along the circumierential direction of the rod member on the
magnetostrictive patches, wherein when a current 1s applied
to at least one meander coil, the magnetostrictive patch
located near the corresponding coil line of the meander coil 1s
deformed due to magnetostriction so that a shear wave 1s
generated along the rod member, or when the magnetostric-
tive patches are deformed due to a wave transmitted along the
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rod member, an electromotive force 1s generated 1n the mean-
der coil due to an 1nverse magnetostrictive effect.

A distance between the coil lines 1s half of a wavelength of
the generated shear wave.

The magnets are respectively disposed between the mag-
netostrictive patches.

According to another aspect of the present invention, there
1s provided a structural fault diagnosing apparatus compris-
ing: a magnetostrictive patch that 1s attached to a surface of a
rod member and 1s formed of a ferromagnetic material; an
insulator that 1s disposed on the magnetostrictive patch; a
meander coil that comprises a plurality of coil lines extending,
along a circumierential direction of the rod member on the
insulator, wherein a current flows through adjacent coil lines
in opposite directions to one another; at least one magnet that
forms a magnetic field along the circumierential direction of
the rod member on the magnetostrictive patch; and an array
sensor comprising a plurality of sensor units, wherein when a
current flows through the meander coil, the magnetostrictive
patch deforms due to a magnetostrictive effect so that a shear
wave 1s generated along the rod member, and the plurality of
sensor units that are disposed at predetermined intervals
along the circumierential direction of the rod member sense
the shear wave.

The array sensor comprises: a plurality of magnetostrictive
patches attached to a circumierence of the rod member; a
plurality of insulators that are respectively disposed on the
plurality of the magnetostrictive patches; a plurality of mean-
der coils, each of the meander coils comprising a plurality of
coil lines extending along a circumierential direction of the
rod member on the insulators, wherein a current flows
through adjacent coil lines in opposite directions to one
another; and a magnetic field forming unit that forms a mag-
netic field along a circumierential direction of the rod mem-
ber on the magnetostrictive patches, wherein an electromo-
tive force 1s generated 1n the meander coil due to an 1nverse
magnetostrictive effect as the magnetostrictive patches are
deformed due to a shear wave, and an amplitude of the shear
wave 1s measured by measuring the electromotive force.

A distance between the coil lines 1s half of a wavelength of
the generated shear wave.

According to another aspect of the present invention, there
1s provided a method of operating a segmented magnetostric-
tive patch array transducer, wherein the segmented magneto-
strictive patch array transducer comprises: a plurality of mag-
netostrictive patches attached along a circumierence of a rod
member; a plurality of insulators that are respectively dis-
posed on the magnetostrictive patches; a plurality of meander
coils, each of the meander coils comprising a plurality of coil
lines extending along a circumierential direction of the rod
member on the msulators, wherein a current flows through
adjacent coil lines 1n opposite directions to one another; and
a magnetic field forming unit that forms a magnetic field
along the circumierential direction of the rod member on the
magnetostrictive patches, wherein when a current 1s applied
to at least one meander coil, a magnetostrictive patch located
near the corresponding coil line of the meander coil 1s
deformed due to magnetostriction so that a shear wave 1s
generated along the rod member, or when the magnetostric-
tive patch 1s deformed due to a wave transmitted along the rod
member, an electromotive force 1s generated 1n the meander
coil due to an iverse magnetostrictive effect, the method
comprising: controlling instants of times when a current 1s
applied to each meander coil 1n order to control instants of
times when shear waves are generated using a deformation of
cach of the magnetostrictive patches so as to control points
where waves respectively generated from each of the magne-
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4

tostrictive patches and transmitted along the rod member
generate a constructive interference.

According to another aspect of the present invention, there
1s provided a segmented magnetostrictive patch array trans-
ducer comprising: a magnetostrictive patch attached along a
circumierence of a rod member; an 1nsulator that 1s disposed
on the magnetostrictive patch; a plurality of meander coils,
cach of the meander coils comprising a plurality of coil lines
extending along a circumiferential direction of the rod mem-
ber on the 1nsulator, wherein a current tlows through adjacent
coil lines 1n opposite directions to one another; and a mag-
netic field forming unit that forms a magnetic field along the
circumierential direction of the rod member on the magneto-
strictive patch, wherein an area on the magnetostrictive patch
wound around the circumiference of the rod member 1s
divided into a plurality of portions along the circumierence of
the rod member, and the plurality of meander coils are
arranged to respectively correspond to the divided portions of
the area, wherein when a current 1s applied to at least one of
the meander coils, the magnetostrictive patch located near the
corresponding meander coil 1s deformed due to magnetostric-
tion so that a shear wave 1s generated along the rod member,
or when the magnetostrictive patch 1s deformed due to a wave
transmitted along the rod member, an electromotive force 1s
generated in the meander coil due to an 1nverse magnetostric-
tive effect.

According to another aspect of the present invention, there
1s provided a segmented magnetostrictive patch array trans-
ducer comprising: a magnetostrictive patch attached along a
circumierence of a rod member; an 1nsulator that 1s disposed
on the magnetostrictive patch to cover the magnetostrictive
patch; a meander coil that comprises a plurality of coil lines
extending along a circumiferential direction of the rod mem-
ber on the insulator, wherein a current tflows through adjacent
coil lines 1 opposite directions to one another; and a mag-
netic field forming unit that forms a magnetic field along a
circumierential direction of the rod member on the magneto-
strictive patch, wherein when a current 1s applied to the mean-
der coil, the magnetostrictive patch located near the corre-
sponding meander coil 1s deformed due to magnetostriction
so that a shear wave 1s generated along the rod member, or
when the magnetostrictive patch 1s deformed due to a wave
transmitted along the rod member, an electromotive force 1s
generated 1n the meander coil due to an inverse magnetostric-
tive eflect.

The magnetic field forming unit comprises a plurality of
clectromagnets that are separated apart from one another
along the circumierence of the rod member.

According to the present mnvention, by generating a large
shear wave, a defect1n a structure such as rod or a pipe may be
precisely detected, and a propagating direction of a generated
shear wave may be controlled by controlling a plurality of
transducers units. Also, not only a distance between a sensor
and a defect but also a circumierential angle of the defectin a
rod member may be measured.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the present
invention will become more apparent by describing in detail
exemplary embodiments therecol with reference to the
attached drawings 1n which:

FIGS. 1 through 3 illustrate a torsional vibration in a rod
member when magnetostriction 1s used and the principle of
measuring the torsional vibration;

FIG. 4 1llustrates an example of a conventional magneto-
strictive transducer for generating a torsional wave;
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FIG. § 1llustrates another example of a conventional mag-
netostrictive transducer for generating a torsional wave;

FIG. 6 1s a perspective view 1llustrating a segmented mag-
netostrictive patch array transducer according to an embodi-
ment of the present invention;

FIG. 7 1s a side view of the segmented magnetostrictive
patch array transducer illustrated 1n FIG. 6;

FIG. 8 1s a cross-sectional view 1illustrating the segmented
magnetostrictive patch array transducer of FIG. 6 along a line
VIII-VIII;

FIG. 9 1s a schematic view illustrating a direction of a
magnetic field i a segmented magnetostrictive patch array
transducer according to an embodiment of the present inven-
tion;

FIG. 10 1s a schematic view illustrating shear waves
respectively generated at corresponding positions of coil lines
and superposed with one another;

FIG. 11 1s a schematic view illustrating a structural fault
diagnosing apparatus including a segmented magnetostric-
tive patch array transducer according to an embodiment of the
present invention;

FIGS. 12 through 14 are schematic views ol measured
results obtained by generating a vibration in a defect-less pipe
using a structural fault diagnosing apparatus as 1llustrated in
FIG. 11 and measuring the vibration by using an array sensor;

FI1G. 15 1s a schematic view illustrating a cross-section of a
pipe used 1 an experiment for detecting the position of a
defect, and the position and shape of the defect, and the
positions of a transducer and a sensor, according to an
embodiment of the present invention;

FI1G. 16 1s a graph showing relative amplitudes of reflected
waves measured 1n sensor units in the experiment described
with reference to FIG. 15;

FI1G. 17 1s a schematic view illustrating a cross-section of a
pipe used 1n another experiment for detecting the position of
a defect, and the position and shape of the defect, and the
positions of a transducer and a sensor, according to an
embodiment of the present invention;

FIG. 18 1s a graph showing relative amplitudes of reflected
waves measured 1n sensor units in the experiment described
with reference to FI1G. 17;

FI1G. 19 1s a schematic view illustrating a cross-section of a
pipe used 1n another experiment for detecting the position of
a defect, and the position and shape of the defect, and the
positions of a transducer and a sensor, according to an
embodiment of the present invention;

FIGS. 20 and 21 are graphs showing relative amplitudes of
reflected waves measured 1n sensor units in the experiment
described with reference to FI1G. 19:

FIG. 22 illustrates a method of changing a propagating
direction of a shear wave by using an array transducer accord-
ing to an embodiment of the present invention;

FIG. 23 1s a schematic view illustrating a method 1n which
a shear wave 1s focused toward a predetermined point by
using an array transducer according to an embodiment of the
present invention;

FI1G. 24 1s a schematic view 1llustrating a method of com-
bining time delay methods 1llustrated 1n F1IGS. 22 and 23; and

FIGS. 25 and 26 are cross-sectional views illustrating array
transducers according to other embodiments of the present
ivention.

DETAILED DESCRIPTION OF THE INVENTION

The present mvention will now be described more fully
with reference to the accompanying drawings, in which
exemplary embodiments of the invention are shown.
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6

FIG. 6 1s a perspective view illustrating a segmented mag-
netostrictive patch array transducer 200 according to an
embodiment of the present invention. FIG. 7 1s a side view of
the segmented magnetostrictive patch array transducer 200
illustrated in FIG. 6. FIG. 8 1s a cross-sectional view 1llustrat-
ing the segmented magnetostrictive patch array transducer
200 of FIG. 6 along a line VIII-VIII.

Referring to FIGS. 6 through 8, the segmented magneto-
strictive patch array transducer 200 includes a plurality of
magnetostrictive patches 201, a plurality of insulators 203
respectively disposed on the magnetostrictive patches 201, a
plurality of bias magnet 206, and a meander coil 204 disposed
on each of the insulators 203.

The magnetostrictive patches 201 are attached along a
circumierence of arod member 202 to be tested. The plurality
ol magnetostrictive patches 201 have the same shape and
thickness and may preferably be formed of a ferromagnetic
material such as 1ron (Fe), nickel (N1), or cobalt (Co), or an
alloy thereot, or a material having high magnetostriction.

The msulator 203 provides electrical msulation between
the magnetostrictive patches 201 and the meander coil 204.

The meander coil 204 includes a plurality of coil lines, has
an overall meandering shape, and 1s disposed on an upper
surface of the msulator 203. Each of the coil lines extends
along a circumierential direction of the rod member 202, and
adjacent coil lines are connected to each other at respective
first and second ends thereol. Accordingly, when a current
flows through the meander coil 204, the directions of currents
flowing through adjacent coil lines are opposite to each other.

Meanwhile, a distance between the coil lines with respect
to center lines of the coil lines may preferably be adjusted to
be half the wavelength of a shear wave generated by the
segmented magnetostrictive patch array transducer 200
according to the current embodiment of the present invention.
This 1s because shear waves generated by magnetic fields
supplied by adjacent coil lines do not offset each other but
generate a constructive interference, thereby being possible
to generate a larger shear wave. This will be described more in
detail below with reference to FIGS. 9 and 10.

The magnet 206 applies a static magnetic field to the mag-
netostrictive patch 201 along a circumierential direction of
the rod member 202, and may be disposed between every two
of the magnetostrictive patches 201 as illustrated 1n FIGS. 6
through 8. Alternatively, the magnet 206 may be disposed in
any manner as long as a static magnetic field 1s applied to the
magnetostrictive patch 201 along a circumierential direction
of the rod member 202. For example, the magnet 206 may be
disposed not to be adjacent to the rod member 202 but be fixed
to an external supporting unit and disposed near the magne-
tostrictive patch 201 to form a magnetic field along the mag-
netostrictive patch 201.

Meanwhile, a yoke for facilitating formation of a magnetic
field may be further disposed between the magnetostrictive
patches 201 and the magnets 206.

Hereinatter, generation of a shear wave using a segmented
magnetostrictive patch array transducer according to an
embodiment of the present invention will be described 1n
detail with reference to FIGS. 9 and 10. Hereinafter, the
segmented magnetostrictive patch array transducer will be
referred as the array transducer, and a portion of a magneto-
strictive patch of the array transducer including one 1nsulator,
one meander coil (disposed on the magnetostrictive patch),
and a magnet that forms a magnetic field along a circumfier-
ential direction of a rod member to the magnetostrictive patch
will be referred as a transducer unit. In other words, in FIGS.
6 through 8, six transducer units are disposed on a circumier-
ence of a rod member to constitute one array transducer.
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Meanwhile, hereinaiter, an array sensor 1s a unit that has the
same configuration as the array transducer but has a sensing
function 1nstead of a generation function. Likewise, a sensor
unit 1s a unit that has the same configuration as the transducer
unit but has a sensing function.

FIG. 9 1s a schematic view illustrating a direction of a
magnetic field 1n a transducer unit according to an embodi-
ment of the present mvention. FIG. 10 1s a schematic view
illustrating shear waves generated at corresponding positions
of each of coil lines and superposed with one another.

Referring to FI1G. 9, a magnetic field 1s formed by a magnet
206 1n a direction around a circumierence of a rod member
202. When a current flows through a coil line extended along
the circumierence of the rod member 202, a magnetic field 1s
formed 1n the magnetostrictive patch 201 disposed below the
coil line 1n parallel to a length direction of the rod member
202. Due to the magnetic field formed by the magnet 206 and
the magnetic field formed by the current flowing through the
coil line, a shear wave 1s generated by magnetostriction
occurring below the coil line of the magnetostrictive patch

201.

When a shear wave 1s generated below a coil line indicated
by A, a shear wave 1s generated below a coil line B that 1s
adjacent to the coil line A. The shear wave generated below
the coil line B has a phase different by 180 degree from the
phase of the shear wave generated below the coil line A. As
described above, a distance d between centerlines of the coil
lines A and B corresponds to half of the wavelength of the
generated shear wave. Accordingly, since the positions where
the shear waves are generated differ from each other by half of
the wavelength of the shear waves and the shear waves gen-
erated 1n each of the coil lines have opposite phases, a con-
structive interference occurs consequently. Likewise, shear
waves generated below a coil line C or other subsequent coil
lines have the same phases, thereby generating a constructive
interference. That 1s, the shear waves are amplified as many
times as the number of coil lines, and thus a larger shear wave
1s generated 1n the rod member 202 and transmitted therein.

FIG. 11 1s a schematic view illustrating a structural fault
diagnosing apparatus including an array transducer according

to an embodiment of the present invention. Hereinafter, 1t will
be considered that the array transducer performs an actuation
function (substantially wave generation function).

Referring to FIG. 11, the structural fault diagnosing appa-
ratus according to the current embodiment of the present
invention includes an array transducer 200, an array sensor
300, a power amplifier 30, a function generator 40, a pream-
plifier 35, an oscilloscope 50, and a computer 60.

The array transducer 200 1s the same as the array transducer
200 described with reference to FIGS. 6 through 10.

The array sensor 300 may have the same configuration as
the array transducer 200 or may be omitted 1f a range of
voltage of the amplifiers 30 and 35 1s large, according to the
configuration of peripheral apparatuses. When the array sen-
sor 300 1s omitted, the array transducer 200 may both gener-
ate a wave and measure the retlected wave.

The function generator 40 generates a wave 1n a form
desired by the user. The generated wave 1s input to the power
amplifier 30. The power amplifier 30 1s connected to the array
transducer 200, and amplifies a driving current for generating,
the wave and applies the same to the array transducer 200. A
bias magnetic field along the circumierential direction by the
magnet 206 and a variable magnetic field in an axial direction
of the rod member 202 due to a current flowing through the
meander coil 204 are applied to the magnetostrictive patch
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201. Accordingly, the magnetostrictive patch 201 generates a
torsional wave or a shear wave along the rod member 202 by
magnetostriction.

The preamplifier 35 recerves a voltage signal that 1s
induced to the meander coil 204 of the array sensor 300 by a
reflected wave of a torsional wave or a shear wave which
returns after being retlected by two ends of the rod member
202 or cracks in the rod member 202, and amplifies the
voltage signal.

The voltage signal that 1s recerved and amplified may be
input also to the oscilloscope 50. The user may observe the
amplified voltage signal and the wavetform of the amplified
voltage signal by using the oscilloscope 50. The computer 60
controls the power amplifier 30, the preamplifier 35, the func-
tion generator 40, and the oscilloscope 50 according to a
command of a user, and stores a signal output by the oscillo-
scope 50 for further analysis.

In the structural fault diagnosing apparatus having the
above configuration, one of transducer units of the array
transducer 200 1s selected to generate a shear wave, and the
shear wave 1s measured by each of a plurality of sensor units
of the array sensor, thereby sensing a position of a crack in the
rod member 202. That 1s, a distance between the sensor units
and the crack may be measured along a length direction of the
rod member 202, and an angle at which the crack is located
along the circumierential direction of the rod member 202
may be measured. The angle may be measured more accu-
rately when more sensor units are used. For example, 1n an
array sensor including six sensor units, an angle at which a
defect 1s located may be measured 1n units of 60 degrees.

Also, avibration that 1s sequentially applied to the plurality
of transducer units disposed in the array transducer 1s mea-
sured by each of the sensor units, and by combining values
measured several times using the sensor units, a position of a
crack may be determined more accurately.

In the current embodiment, we only explained the actua-
tion function (namely wave generation function) of the trans-
ducer included 1n the structural fault diagnosing apparatus
according to the present invention. However, the transducer
according to the present invention can both generate and
SENsSe a wave.,

FIGS. 12 through 14 are schematic views illustrating mea-
surement results obtained by applying a vibration to a defect-
less pipe using the structural fault diagnosing apparatus 1llus-
trated 1n FIG. 11.

The measurements were conducted under the following
conditions. Six transducer units and six sensor units were
respectively nstalled on a stainless seamless pipe having an
outer diameter of 76.3 mm, a thickness of 2.1 mm, and a
length of 2 m. A wave frequency was 500 kHz, and a size of
the magnetostrictive patch 201 was 36x25x0.15 (Heightx
WidthxThickness) (mm). FIG. 12 shows a shear wave that 1s
generated by the array transducer and measured by the sensor
units when a distance between the array transducer and the
array sensor was 30 cm. FIG. 13 shows a shear wave that 1s
generated by the array transducer and measured by the sensor
units when a distance between the array transducer and the
array sensor was 60 cm. FIG. 14 shows a shear wave that 1s
generated by the array transducer and measured by the sensor
units when a distance between the array transducer and the
array sensor was 90 cm.

Referring to FIGS. 12 through 14, a largest value was
measured by the sensor unit disposed along the same circum-
terential direction as the generating transducer unit, and 1n
this case, as the shear wave propagated 1n the length direction
of the pipe, the shear wave was spread along the circumfier-
ential direction of the pipe. The same result was obtained by
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selecting one of transducer units of the array transducer and
generating a vibration. The amplitude of the shear waves
illustrated in FIGS. 12 through 14 varies between 0 and 1,
showing the relative normalized amplitude.

Hereinafter, an experimental example for detecting a posi-
tion of an actual defect by using a structural fault diagnosing
apparatus according to an embodiment of the present mnven-
tion will be described with reference to FIGS. 15 through 21.

FIG. 15 1s a schematic view illustrating a cross-section of a
pipe used 1n an experiment for detecting a defect, and the
position and shape of the defect, and positions of transducer
units and sensor units, according to an embodiment of the
present invention. FIG. 16 1s a graph showing relative ampli-
tudes of reflected waves measured by sensor units in the
experiment described with reference to FIG. 15. The trans-
ducer units and the sensor units are disposed at an angle of 60
degrees with respect to each other.

In the configuration illustrated in FIG. 15, a wave 1Ire-
quency was 500 kHz, and 1t was generated by the array
transducer. As a result, as illustrated 1n FIG. 16, the largest
measurement value was detected by a sensor unit correspond-
ing to an angle of 240 degrees of a through hole having a
diameter of 3 mm.

FI1G. 17 1s a schematic view illustrating a cross-section of a
pipe used 1n another experiment for detecting a defect, and the
position and shape of the defect, and the positions of trans-
ducer units and sensor units, according to an embodiment of
the present invention. FIG. 18 1s a graph showing relative
amplitudes of reflected waves measured by sensor units in the
experiment described with reference to FIG. 17. The trans-
ducer units and the sensor units are also disposed at an angle
of 60 degrees.

In the configuration illustrated in FIG. 17, a wave 1Ire-
quency was 500 kHz, and 1t was generated by the array
transducer. As a result, as illustrated 1n FIG. 18, the largest
measurement value was detected by a sensor unit correspond-
ing to an angle of a slit-shaped crack (240 degrees).

FI1G. 19 1s a schematic view illustrating a cross-section of a
pipe used 1n another experiment for detecting a defect, and the
position and shape of the defect, and the positions of trans-
ducer units and sensor units, according to an embodiment of
the present invention. FIGS. 20 and 21 are graphs showing
relative amplitudes of reflected waves measured by sensor
units in the experiment described with reference to FIG. 19.
The transducer units and the sensor units are also disposed at
an angle of 60 degrees with respect to each other.

In the configuration illustrated in FIG. 19, a wave 1Ire-
quency was 500 kHz, and a vibration was applied using an
array transducer and measured using an array sensor. As a
result, as 1llustrated in FIGS. 20 and 21, the largest value was
measured by sensor units corresponding to angles of cracks of
300 degrees and 180 degrees.

Hereinafter, a method of controlling the propagating direc-
tion of a shear wave generated by using an array transducer
according to the present invention or focusing the shear wave
toward a predetermined point will be described.

FIG. 22 1llustrates a method of changing a propagating
direction of a shear wave by using an array transducer accord-
ing to an embodiment of the present mnvention. FIG. 23 1s a
schematic view 1llustrating a method of focusing a shear wave
toward a predetermined point by using an array transducer
according to an embodiment of the present invention. FI1G. 24
1s a schematic view 1illustrating a method of combining time
delay methods 1llustrated 1n FIGS. 22 and 23.

Referring to FI1G. 22, a plurality of transducer units that are
serially arranged generate shear waves at identical time 1inter-
vals, the shear waves having substantially the same ampli-
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tude. Shear waves generated by a plurality of transducer units
interfere with each other. In consequence, a line formed by
connecting constructive 1nterference points 1s at a predeter-
mined angle to a line that 1s perpendicular to a line that 1s
formed by connecting positions of the transducer units. That
1s to say, when the transducer units serially arranged are
vibrated at idenftical time intervals such that differences
between time delay values of adjacent transducer units are the
same, a propagating direction of the shear waves may be
changed.

Referring to FIG. 23, a plurality of transducer units which
are arranged 1n a series and generate shear waves having
substantially the same amplitude are vibrated with reducing
time delay values with respect to a central transducer unit
among the transducer units. In this case, the shear waves may
be focused at predetermined points at the frontal central part
of the transducer units due to a constructive interference.

FIG. 24 1s a schematic view 1llustrating a method of com-
bining the time delay methods 1llustrated in FIGS. 22 and 23.
Referring to FIG. 24, a plurality of transducer units are
vibrated with the difference of the time delay values between
the adjacent transducer units decreasing. In this case, the
shear waves may be focused at predetermined points 1n front
of the transducer units array due to a constructive interfer-
ence.

As shown 1 FIGS. 22 through 24, time delays of the
transducer units may generate vibrations at set times 1n order
to adjust a propagating direction of shear waves, and the shear
waves may be thus focused towards predetermined points of
the rod member 202. Accordingly, the structural health of a
predetermined area of a structure may be examined.

The magnet 206 described may be a permanent magnet or
an electromagnet. Also, the rod member 202 may be a beam,
a hollow pipe, or any longitudinal member.

FIGS. 25 and 26 are cross-sectional views 1llustrating array
transducers according to other embodiments of the present
ivention.

With regard to FIGS. 25 and 26, a magnetostrictive patch,
an insulator, and a meander coil included 1n the array trans-
ducer are arranged 1n a segmented manner along a circum-
ference of a rod member as 1llustrated in F1G. 8. However, 1n
the embodiment described with reference to FIG. 25, the
magnetostrictive patch 1s wound around a circumierence of
the rod member, and only the insulator and the meander coil
are arranged 1n a segmented manner along the circumierence
of the rod member. Also, according to the embodiment
described with reference to FIG. 25, a magnet 1s disposed
above the meander coil. In other words, the magnetostrictive
patch according to the present invention may be physically
segmented or not be physically segmented, and the magneto-
strictive patch may be divided into a plurality of portions, and
magnetostriction may be generated 1n the divided portions.

Also, according to the embodiment described with refer-
ence to FI1G. 26, the magnetostrictive patch, the insulator, and
the meander coil are formed as a single unit wound around the
rod member, and magnets are separated along the circumier-
ence of the rod member.

The magnets in the embodiments of FIG. 25 and FIG. 26
may be permanent magnets or electromagnets as described
with reference to the previous embodiments. Also, the magnet
may be installed along the circumierence of the rod member
or a position for applying a vibration may be selected and a
magnet may be installed at this position. Also, the magnet
may be installed at other position and a vibration may be
applied at this position, thereby being possible to sequentially
apply a vibration along the circumierence of the rod member.
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Meanwhile, if electromagnets are used, a plurality of elec-
tromagnets are installed along the circumierence of the rod
member, and a vibration may be applied or measured while
varying a magnetic field which 1s sequentially formed by the
clectromagnets.

That 1s, according to the embodiments of FIGS. 25 and 26,
the elements of the array transducer of the present invention
may not be segmented as described with reference to FIGS. 6

through 9.

While the present invention has been particularly shown
and described with reference to exemplary embodiments
thereot, 1t will be understood by those of ordinary skill in the
art that various changes in form and details may be made
therein without departing from the spirit and scope of the
present invention as defined by the following claims.

What is claimed 1s:

1. A segmented magnetostrictive patch array transducer

comprising;
a plurality of magnetostrictive patches attached along a
circumference of a rod member:
a plurality of msulators disposed on the magnetostrictive
patches;
a plurality of meander coils, each of the meander coils
comprising a plurality of coil lines extending along the
circumierential direction of the rod member on each of
the insulators, wherein a current flows through adjacent
coil lines 1n opposite directions to one another; and
a magnetic field forming unit having a plurality of magnets
that respectively form a magnetic field along the circum-
ferential direction of the rod member on the magneto-
strictive patches,
wherein when a current 1s applied to at least one meander
coil, the magnetostrictive patch located near the corre-
sponding coil line of the meander coil 1s deformed due to
magnetostriction so that a shear wave 1s generated along
the rod member, or when the magnetostrictive patches
are deformed due to a wave transmitted along the rod
member, an electromotive force 1s generated in the
meander coil due to an 1nverse magnetostrictive effect.
2. The segmented magnetostrictive patch array transducer
of claim 1, wherein a distance between the coil lines 1s half of
a wavelength of the generated shear wave.

3. The segmented magnetostrictive patch array transducer
of claim 1, wherein the magnets are respectively disposed
between the magnetostrictive patches.

4. A structural fault diagnosing apparatus comprising:

a magnetostrictive patch that 1s attached to a surface of a
rod member and 1s formed of a ferromagnetic material;

an 1nsulator that 1s disposed on the magnetostrictive patch;

a meander coil that comprises a plurality of coil lines
extending along a circumiferential direction of the rod
member on the insulator, wherein a current flows
through adjacent coil lines 1n opposite directions to one
another:

at least one magnet that forms a magnetic field along the
circumierential direction of the rod member on the mag-
netostrictive patch; and

an array sensor comprising a plurality of sensor units,
wherein when a current flows through the meander coil,
the magnetostrictive patch deforms due to a magneto-
strictive effect so that a shear wave 1s generated along the
rod member, and the plurality of sensor units that are
disposed at predetermined intervals along the circum-
ferential direction of the rod member sense the shear
wave.
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5. The structural fault diagnosing apparatus of claim 4,
wherein the array sensor comprises:

a plurality of magnetostrictive patches attached to a cir-

cumierence of the rod member:;

a plurality of 1nsulators that are respectively disposed on
the plurality of the magnetostrictive patches;

a plurality of meander coils, each of the meander coils
comprising a plurality of coil lines extending along a
circumierential direction of the rod member on the 1nsu-
lators, wherein a current flows through adjacent coil
lines 1n opposite directions to one another; and

a magnetic field forming umit that forms a magnetic field
along a circumierential direction of the rod member on
the magnetostrictive patches,

wherein an electromotive force 1s generated 1n the meander
coil due to an inverse magnetostrictive effect as the
magnetostrictive patches are deformed due to a shear
wave, and an amplitude of the shear wave 1s measured by
measuring the electromotive force.

6. The structural fault diagnosing apparatus of claim 4,
wherein a distance between the coil lines 1s half of a wave-
length of a generated shear wave.

7. A method of operating a segmented magnetostrictive
patch array transducer, wherein the segmented magnetostric-
tive patch array transducer comprises:

a plurality of magnetostrictive patches attached along a

circumference of a rod member;

a plurality of insulators that are respectively disposed on
the magnetostrictive patches;

a plurality of meander coils, each of the meander coils
comprising a plurality of coil lines extending along a
circumierential direction of the rod member on the 1nsu-
lators, wherein a current flows through adjacent coil
lines 1n opposite directions to one another; and

a magnetic field forming umt that forms a magnetic field
along the circumiferential direction of the rod member on
the magnetostrictive patches,

wherein when a current 1s applied to at least one meander
coil, a magnetostrictive patch located near the corre-
sponding coil line of the meander coil 1s deformed due to
magnetostriction so that a shear wave 1s generated along
the rod member, or when the magnetostrictive patch 1s
deformed due to a wave transmitted along the rod mem-
ber, an electromotive force 1s generated 1n the meander
coil due to an iverse magnetostrictive effect,

the method comprising:

controlling 1nstants of times when a current 1s applied to
cach of the meander coils 1n order to control instants of
times when shear waves are generated using a deforma-
tion of each of the magnetostrictive patches so as to
control points where waves respectively generated from
cach of the magnetostrictive patches and transmitted
along the rod member generate a constructive interfer-
ence.

8. A segmented magnetostrictive patch array transducer

comprising:

a magnetostrictive patch attached along a circumference of
a rod member;

an 1nsulator that 1s disposed on the magnetostrictive patch;

a plurality of meander coils, each of the meander coils
comprising a plurality of coil lines extending along a
circumierential direction of the rod member on the 1nsu-
lator, wherein a current flows through adjacent coil lines
in opposite directions to one another; and

a magnetic field forming umt that forms a magnetic field
along the circumiterential direction of the rod member on
the magnetostrictive patch,
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wherein an area on the magnetostrictive patch wound
around the circumierence of the rod member 1s divided

into a plurality of portions along the circumiference of
the rod member, and the plurality of meander coils are

arranged to respectively correspond to the divided por-
tions of the area,

wherein when a current 1s applied to at least one of the
meander coils, the magnetostrictive patch located near

the corresponding meander coil 1s deformed due to mag-
netostriction so that a shear wave 1s generated along the

rod member, or when the magnetostrictive patch 1s
deformed due to a wave transmitted along the rod mem-

ber, an electromotive force 1s generated 1n the meander
coil due to an 1nverse magnetostrictive effect.

9. A segmented magnetostrictive patch array transducer
comprising: 15
a magnetostrictive patch attached along a circumierence of

a rod member;
an 1nsulator that 1s disposed on the magnetostrictive patch
to cover the magnetostrictive patch;
a meander coil that comprises a plurality of coil lines 29

extending along a circumierential direction of the rod
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member on the insulator, wherein a current flows
through adjacent coil lines 1n opposite directions to one
another; and

a magnetic field forming umit that forms a magnetic field
along a circumierential direction of the rod member on
the magnetostrictive patch,

wherein when a current 1s applied to the meander coil, the
magnetostrictive patch located near the corresponding
meander coil 1s deformed due to magnetostriction so that
a shear wave 1s generated along the rod member, or when
the magnetostrictive patch 1s deformed due to a wave
transmitted along the rod member, an electromotive
force 1s generated 1n the meander coil due to an 1nverse
magnetostrictive ellect.

10. The segmented magnetostrictive patch array transducer

of claim 9, wherein the magnetic field forming unit comprises
a plurality of electromagnets that are separated apart from one
another along the circumierence of the rod member.
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